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1 Both authors contributed equally to this work.Inclusion of proteins into membrane-rafts favours interactions required for virus assembly but has
also been proposed to facilitate vesicular transport of proteins. The hemagglutinin (HA) of inﬂuenza
virus contains a raft-targeting sequence in the outer leaﬂet of its transmembrane region. We report
that its mutation enhances co-localization of HA with a cis-Golgi marker and retards Golgi-localized
processing, such as acquisition of Endo-H resistant carbohydrates and proteolytic cleavage. In con-
trast, trimerization of the molecule in the ER and transport to the apical membrane were not
affected. The second signal for raft-targeting, S-acylation at cytoplasmic cysteines, did not retard
HA transport.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Membrane-rafts are small, dynamic, cholesterol- and sphingo-
lipid-enriched assemblies within the plasma membrane and can
be induced to fuse to larger, more stable platforms. Rafts recruit
certain membrane proteins to favour interactions thereby facilitat-
ing e.g. assembly of viruses [1].
Furthermore, it was postulated that cholesterol–sphingolipid
clusters form vesicles in the trans-Golgi-network (TGN) serving
as carriers for lipids and entrapped proteins to the apical
membrane in epithelial cells [1]. Others have postulated that
sphingolipid-enriched domains might be involved in intra-Golgi
transport. According to a recent model, the membrane of each
Golgi cisterna contains two lipid phases, a ‘‘processing domain’’
enriched in phospholipids and an ‘‘export domain’’ enriched in
cholesterol and sphingolipids. Processing enzymes, such as glyco-
syltransferases, are mostly excluded from export domains and
therefore remain trapped in the Golgi, whereas transmembrane
cargo proteins preferentially partition into the export domain [2].chemical Societies. Published by E
Molecular Biology, Veterinary
15 Berlin, Germany. Fax: +49
).Thus, increasing or decreasing the access to sphingolipid-enriched
export domains should affect transport of transmembrane proteins
through the Golgi.
The hemagglutinin (HA) of inﬂuenza virus contains two signals
for raft-association, hydrophobic amino acids in the outer leaﬂet of
the transmembrane region [3,4] and S-acylation at cytoplasmic
and transmembrane cysteines [5–7]. HA requires association with
rafts to perform its fusion activity efﬁciently [4,7], but also to
organize the viral budozone at the apical plasma membrane, a
platform for assembly of viral proteins [8,9]. Using ﬂuorescence-
resonance-energy-transfer we have recently shown that HA clus-
ters with a marker for inner leaﬂet rafts at the plasma membrane.
This clustering was reduced, but not eliminated, when either one
or both of the signals for raft-association were mutated [10]. Here
we have analysed whether mutation of raft-targeting signals affect
transport of HA through the exocytic pathway.
2. Materials and methods
Cloning, transfection, metabolic labelling, glycosidase digestion
and immunoprecipitation and trimerization assays according to
[10]. Fumonisin B1 (Sigma, 20 lM, 7 mM DMSO stock solution)
was added to cells 16 h prior to transfection. Except during trans-
fection, fumonisin was present throughout the experiment.lsevier B.V. All rights reserved.
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Immunoﬂuorescence was done as described [6] using mouse
anti-membrin (Abcam, ab13511, 1:500) and anti-mouse Alexa
568 antibodies (Invitrogen), either 24 h after transfection of
CHO-cells (Fig. 5) or 10–18 days after transfection of MDCK-II cells,
which were grown on Transwell ﬁlters (Greiner) to achieve a polar-
ized phenotype (Fig. 1). Microscopy was performed using Olympus
FluoView 1000 with a UPLSAPO 60/1.35 NA oil-objective at 25 C.Fig. 1. Characterization of HA constructs. (A) HA with the two raft-targeting signals,
amino acids valine, leucine and isoleucine (VIL) in the outer part of the transmem-
brane region (TMR) and three fatty acids attached to cysteine residues. L: linker
sequence between HA and Cerulean (Cer). Below: Amino acid sequence of TMR and
cytoplasmic tail of HA from fowl-plague virus (FPV, subtype H7). (B) Z-stack image
of polarized MDCK cells transfected with uncl. HA-YFP wt, uncl. HA-YFP VIL3A or
uncl. HA-YFP C3S-VIL3A. (C) CHO cells expressing cl. HA-Cer wt or cl. HA-Cer C3S
were labelled with [35S]-methionine or [3H]-palmitate for 4 h. HA was immuno-
precipitated with anti-GFP antibodies and subjected to non-reducing SDS–PAGE
and ﬂuorography. (C) Untransfected cells. Molecular weight markers indicated on
the left. (D) HA from lysates of CHO cells treated as in (C) immunoprecipitated with
anti-FPV antibodies was digested with Endo-H (H), PNGase-F (F) or was left
undigested () prior to reducing SDS–PAGE. Numbers beside gels represent
molecular weight markers. Asterisks indicate the deglycoslyated form of HA2-Cer
or HA1. Densitometric quantiﬁcation of bands representing uncleaved HA in this
ﬂuorogram and from an identical experiment with mutants C3S and VIL3A + C3S:
HA-Cer wt: 21%, HA-Cer C3S: 24%, HA-Cer VIL3A: 44% HA-Cer VIL3A-C3S: 44%. In
addition, the bands from an identical experiment with the uncleaved version of HA,
wild-type and the three mutants, were used to quantify Endo-H sensitive HA: HA-
Cer wt: 22%; HA-Cer C3S: 23%; HA-Cer VIL3A: 39%; HA-Cer VIL3A-C3S: 41%.Polarized cells were recorded performing z-stacks using incre-
ments of 1 lm, and 3D-images were created using the FluoView
1000-3D-plugin. Pearson’s coefﬁcient R was calculated with the
intensity correlation analysis plugin of Image J. R varies between
1 (no overlap of pixels) and +1 (100% overlap).
3. Results and discussion
HA (H7 subtype) was fused at its cytoplasmic tail to a ﬂuores-
cent protein (Cerulean/Cer or YFP). This HA (cl. HA-Cer) is cleaved
into the subunits HA1 and HA2 by the cellular protease furin [11].
This is inhibited by an arginine-to-glycine exchange ﬁve amino
acids upstream of the cleavage site (uncl. HA-Cer) [12]. In these
constructs, the raft incorporation signals were removed individu-
ally or in combination, yielding the mutants HA-Cer C3S (three
S-acylated cysteines exchanged by serines), HA-Cer VIL3A (valine,
isoleucine and leucine in the outer part of the transmembrane
region converted to alanines) and HA-Cer C3S-VIL3A, see Fig. 1a.
Fluorescence microscopy revealed that all HA-constructs were
transported to the surface of transfected CHO cells [10] and to
the apical membrane of polarized MDCK cells (Fig. 1b), which is
consistent with a study on another HA-subtype [4]. Labelling with
[3H]-palmitate showed that HA-Cer wt, but not HA-Cer C3S is acyl-
ated (Fig. 1c). Mutation of the raft-targeting signal in the TMR does
not interfere with S-acylation of HA either [3].
After glycosylation, folding and trimerization in the ER, HA is
transported to the Golgi where the molecule acquires endoglycosi-
dase-H (Endo-H)-resistant carbohydrates and is subsequentlyig. 2. The raft-targeting signal in the TMR does not affect trimerization of HA. (A)
HO cells expressing cl. HA-Cer VIL3A were labelled with [35S]-methionine for
min and chased for 0, 7.5, 15 or 30 min. Cell extracts were left untreated () or
ere digested with trypsin (T) prior to immunoprecipitation with anti-FPV
ntibodies and reducing SDS–PAGE. (B) Densitometric quantiﬁcation of bands from
ree experiments with cl. HA-Cer wt, cl. HA-Cer VIL3A and cl. HA-Cer VIL3A-C3S.
he intensity of HA-Cer, HA1 and HA2-Cer bands was determined and the value for
A-Cer was set to 100%. Trimerization was calculated [rel. intensity HA-Cer/(rel.









time of chase. Error bars indicate the standard deviation.
Fig. 3. The raft-targeting signal in the TMR affects acquisition of Endo-H-resistant
carbohydrates. (A) CHO cells expressing the indicated HA constructs were labelled
with [35S]-methionine for 30 min and chased for 0, 1, 2 or 4 h. HA was
immunoprecipitated with anti-GFP antibodies and digested with Endo-H (H) or
was left undigested () prior to reducing SDS–PAGE. ⁄: Endo-H-sensitive. (B)
Densitometric quantiﬁcation of bands. Endo-H-resistant HA in% was calculated
[(HA-Cer/(HA-Cer + HA⁄-Cer)  100] and is plotted against time of chase.
Fig. 4. The raft-targeting signal in the TMR affects proteolytic cleavage of HA. (A)
CHO cells expressing the indicated HA constructs were labelled with [35S]-
methionine for 30 min and chased for 0, 1, 2 or 4 h. HA was immunoprecipitated
with anti-FPV antibodies prior to reducing SDS–PAGE. (B) Densitometric quantiﬁ-
cation of bands from A and for cl. HA-Cer wt and cl. HA-Cer VIL3A from three other
experiments. Data points connected by dotted line: Cells expressing cl-HA-Cer wt or
cl-HA-Cer VIL3A were treated with Fumonisin B1 (Fumo). Cleaved HA in% was
calculated [(HA1 + HA2-Cer)/(HA1 + HA2-Cer + HA-Cer)  100] and is plotted against
chase time. The horizontal broken line indicates 50% cleavage and the vertical
broken line the corresponding chase time. Error bars indicate standard deviation.
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dance with this processing scheme, HA-Cer wt, labelled with
[35S]-methionine, is present as two bands in the gel, the upper
band representing the uncleaved HA-Cer precursor and the lower
(double)band consisting of HA1 and HA2-Cer (Fig. 1d). Digestion
with peptide:N-glycosidase-F (PNGase-F) allows to separate HA1
from HA2-Cer, since the latter contains only two carbohydrates
whereas four sugars are attached to HA1 [14]. Digestion with
Endo-H caused only a small reduction of the molecular weight of
the HA1 and HA2-Cer (double)band since both proteins contain a
single Endo-H-sensitive carbohydrate in the ﬁnal processed pro-
tein [14]. An identical protein band pattern was observed for
HA-Cer VIL3A. However, much more of the uncleaved precursor
was retained during 4 h of labelling in the case of HA-Cer VIL3A
(Fig. 1d), indicating retarded transport of this molecule to the TGN.
Many mutants of HA with a defect in intracellular transport are
known to be also defective in folding and trimerization; as a
consequence, their export from the ER is delayed or completely
prevented [13]. We therefore tested oligomerization of HA-Cer
VIL3A using an established assay in which trimerization is deter-mined as resistance to limited proteolytic digestion [13,15].
Short-pulse-labelled HA-Cer VIL3A was almost completely
digested by trypsin showing that trimerization had not yet
occurred (Fig. 2a). After 7.5 min of chase two trypsin-resistant
bands appeared, probably representing HA1 and a truncated
version of HA2-Cer, and their intensity increased with 15 min of
chase. Quantitative evaluation of the bands obtained from three
experiments with HA-Cer wt, HA-Cer VIL3A and HA-Cer VIL3A-
C3S revealed no gross difference in the kinetics and efﬁciency of
their trimerization (Fig. 2b). Trimerization of wild-type HA and
all mutants was similar efﬁcient (approx. 80%) and was completed
after 15 min of chase, which is consistent with previous studies on
various HA subtypes [13,15]. Thus, the transport delay of the HA-
Cer constructs with VIL3A mutation cannot be explained merely
by compromised trimerization.
To analyze whether mutation of the raft-targeting signal in the
TMR delays transport of HA from the ER to the medial-Golgi, we
performed longer pulse-chase experiments and digested immuno-
precipitated HA with Endo-H (Fig. 3). For simpler quantiﬁcation of
bands we used the uncleavable version of HA. The results show
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tant carbohydrates after 1 h of chase, which is in line with pub-
lished data [13]. In contrast, HA-Cer VIL3A and the double
mutant HA-Cer VIL3A-C3S contained less than 45% Endo-H sensi-
tive bands at this time and only approx. 65% after 2 h of chase, a
time were processing of HA-Cer wt was (almost) complete. After
longer chase periods (6 and 21 h), HA-Cer VIL3A and HA-Cer VI-
L3A + C3S reached a similar plateau of Endo-H resistance compared
to HA-Cer wt. After 21 h of chase the intensity of the HA band was
decreased indicating degradation of the protein, which, however,
was also observed for HA-Cer wt (data not shown).Fig. 5. HA-VIL3A co-localizes more strongly with the cis-Golgi than HA-wt. Pseudocolou
and Alexa568-coupled secondary antibodies were used to stain the cis-Golgi. First row
440 nm, emission: 460–490 nm (Cer)/excitation: 559 nm, emission: 580–664 nm (Ale
perinuclear region. Fifth row: Scatter plot showing the ﬂuorescence intensities for each
bisecting line between the x- and y-axis are co-localized. R: Pearson’s coefﬁcient, c
0.899 ± 0.009, n = 9; HA VIL3A YFP/CFP: 0.862 ± 0.021, n = 7 (ﬂuourescence pictures not
n = 16. Results for HA wt/membrin are statistically signiﬁcantly different (p = 0.0154, p <
test.Furthermore, arrival of HA at the TGN [11] was determined by
analysing the appearance of HA cleavage products (HA1, HA2-
Cer). After 1 h of chase HA-Cer wt and HA-Cer C3S were cleaved
to almost 70%, and proteolytic processing was completed after
2 h of chase (Fig. 4a). This is in line with previous studies where
processing of HA was analysed [6,13]. In contrast, only 40% of
HA-Cer VIL3A and HA-Cer VIL3A-C3S were processed after 1 h of
chase, and even after 4 h of chase, cleavage was not completed.
Calculating the t1/2 for proteolytic processing revealed that the
VIL3A mutation delayed transport of HA to the TGN by 100 min
(Fig. 4b).red confocal images of CHO cells expressing the indicated constructs. Anti-membrin
(YFP-channel): excitation: 515 nm, emission: 535–575 nm. Second row: excitation:
xa 568). Third and fourth row: merge of the whole visual ﬁeld or the zoomed
pixel in the two channels (x-axis: YFP, y-axis: Cer/Alexa568). Pixels located at the
alculated from the perinuclear region of n cells (mean ± SEM): HA wt YFP/CFP:
shown); HA wt/membrin: 0.185 ± 0.036, n = 23; HA VIL3A/membrin: 0.333 ± 0.047,
0.05) from HA VIL3A/membrin as calculated using a two-tailed unpaired Student’s t
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requires cholesterol, indicating that raft-like transport vesicles
might be involved [16]. We analysed whether reducing sphingo-
lipid levels, which disrupts rafts, affects HA transport. In the
presence of the ceramide synthase inhibitor Fumonisin, HA cleav-
age was delayed for both HA-Cer wt and HA-Cer VIL3A, but not
completely abolished (Fig. 4b) indicating that both proteins require
sphingolipids for transport. However, unspeciﬁc effects, for
example a detergent-like mechanism of action of this amphiphilic
compound, cannot be excluded.
Finally, the intracellular localization of HA wt and HA VIL3A was
compared by confocal microscopy (Fig. 5). Since HA-Cer and
HA-YFP form mixed trimers, almost complete overlap of signals
was observed. This is also evidenced upon mathematical correla-
tion of the two signals: Pearson’s coefﬁcient R was high in both
cases. Both HA-YFP wt and HA-YFP VIL3A showed (partial)
co-localization with the endogenous t-SNARE membrin, which is
located in the intermediate compartment and at the rims of the
ﬁrst two Golgi cisternae [17]. However, R was higher for HA-YFP
VIL3A indicating that mutation of the raft-targeting signal delayed
its transport from the intermediate compartment to the cis-Golgi
and/or from the cis- to the medial-Golgi.
In summary, we have shown that mutation of the raft-targeting
signal in the outer part of the TMR retards transport of HA through
the Golgi. These results are compatible with one aspect of the rapid
partitioning model predicting that access to sphingolipid-enriched
export domains determines the rate of Golgi transport [2]. How-
ever, S-acylation, which occurs on freshly trimerized, but
Endo-H-sensitive HA [18], did not affect transport of the molecule
through the Golgi and did not even work synergistically with the
raft-targeting signal in the TMR. This implies that transport of
HA does not require the (hypothetical) sphingolipid-enriched
export domains. In accordance, reduction of sphingolipid levels
affected both mutant and wild-type HA similarly. Alternatively, it
might well be that the cytoplasmic leaﬂet of sphingolipid-enriched
export domains differ in its composition from rafts present in the
plasma membrane, e.g. only the latter contains phospholipids with
(mainly) saturated acyl-chains which are thought to accommodate
HA-bound fatty acids. Alternatively, the VIL3Amutation might lead
to transient association of mutated HA with Golgi-resident pro-
teins, an interaction that would delay transport of the molecule
along the exocytic pathway.
The rapid partitioning model also implicitly predicts that cargo
can exit from all levels of the Golgi [19]. However, we (and others)
did not observe Endo-H-sensitive, but already cleaved HA which
indicates sequential and complete processing of HA in the Golgi
(Fig. 1, [13]). In addition, transport to the apical surface was not af-
fected by removal of the raft-targeting signal suggesting that trans-
port of HA through the Golgi, to the apical membrane and its
association with rafts in the plasma membrane require different
structural features within the molecule.
The role of the transmembrane region for transport of other
HA-subtypes has been analysed in other studies. H3-subtype HA
with an exchange of amino acids in the outer part of the TMR
clearly shows a delay in acquisition of Endo-H resistant carbohy-
drates (see Fig. 1b in [4]), while a similar mutation in the TMR in
H2-subtype HA retards transport of the molecule only marginally,
but causes randomized delivery of HA to both the apical and baso-
lateral plasma membrane [20]. Based on their amino acid se-
quence, the 16 subtypes of HA fall into two phylogenetic groups
with only 40–44% amino acid similarity. We have shown recently
that the transmembrane region of group 1 HAs, which include
the H2-subtype, is less tightly packed than in group 2 HAs
(containing subtypes H3 and H7 as analysed here) [21]. Different
packing of trimers could modulate the surface exposure of certain
amino acids to be available for interactions with lipids and/or pro-teins. This could determine the effect of speciﬁc residues in the
TMR on intracellular transport of HA.
Assuming that sphingolipid-enriched export domains facilitate
transport of HA, the question about the possible mechanism arises.
One factor that determines access of transmembrane proteins into
rafts is the length of their TMR. Transmembrane proteins contain-
ing long TMRs preferentially partition into thick bilayers, i.e. bilay-
ers enriched in sphingolipids and cholesterol, whereas those with
short TMRs prefer to reside in thinner, phospholipid-rich domains.
However, even if we assume that exchange of the amino acids
valine, isoleucine, leucine by alanines shortens the TMR of HA by
three amino acids, the remaining part still contains 24 hydrophobic
residues (Fig. 1a). This corresponds to the mean hydrophobic
length of TMRs of plasma membrane proteins, whereas TMRs of
ER/Golgi proteins comprise at most 20 amino acids [22]. Thus,
the reduced length of the TMR per se is probably not responsible
for delayed transport of HA-Cer VIL3A through the Golgi. One
might speculate that the exchanged amino acids, two of which
(IL) are conserved through all HA-subtypes, mediate interactions
with lipids that promote inclusion of HA into rafts. Interestingly,
cholesterol-interacting motifs [23] contain amino acids that are
also abundant in the outer region of HA’s TMR, besides V, I and L
also the residues W, Y, F and K (Fig. 1a).
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